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Theory of the Electroweak Interaction

Hypercharge(Y)
U(1)Y Symmetry

Left-Handed Isospin(T)
SU(2)L Symmetry
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Properties of the Physical Vacuum

Self-Interacting 
Effective Potential:
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Stability of the Electroweak Scale

Self-Interacting 
Effective Potential:
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SUSY Higgs Sector
Down-type mass Up-type mass

du vv=βtan
mtop /mbottom?

8 degrees of freedom
– 3 longitudinal polarizations (WL

±,ZL)

222 vvv du =+
Electroweak
Energy Scale

leaves 5 Higgs bosons: h, H, A, H±

2
dd

d
vym =

2
uu

u
vym =
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CP Conserving MSSM Searches

Mass of lightest Higgs boson (CP-even h): Zh mm ≤ (tree-level)
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CP Conserving MSSM Searches

Other physical Higgs bosons in two-doublet model:
L+= 22 2:  odd)-(CP  µAmA

Am
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GeV)(
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±

±Hm
ta

n 
β

GeV)(

hH mmH >: even)-(CP 
AHH mmm ≈≈ ±

For large µ

Decoupling limit
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0<µ

CP Conserving MSSM Searches

du HHW ˆˆ µ=Superpotential:
TeV 1=SUSYm

GeV 2002 == Mµ

hm GeV)(

0>µ

Flip sign of µ!
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Standard Model Higgs Search
Very Slight Excess
Compatible with 
Predicted Rates 

above:
2GeV/c 116  >Hm 2GeV/c 116  >Hm

115,116,117 GeV Lower Limit
Set at CL=95%:

2GeV/c 114.4  >Hm 2GeV/c 114.4  >Hm

Excluded down to
Zero mass
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CP Conserving MSSM Searches

Pave the way to the LHC…g

g
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SUSY Higgs Sector and CP

uu HQUW ˆˆyˆ=

dedd HLEHQD ˆˆyˆˆˆyˆ −−

Non-gauge interactions
from superpotential:

Add Soft SUSY Breaking Terms

deeddd HLEHQD ~yA~~yA~ −−
uuu HQU ~yA~=∆V

( )softm∝all 

H
t~ t~tt yA

{ }tA ImTerms CP µ∝
H

t~ t~ty*µ
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Electronic Dipole Moment Limits
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SUSY Higgs Sector and CP

{ }tA ImTerms CP µ∝

H

tt yA

H

t~
ty*µ

HH

h, H (CP-even)

A (CP-odd)

H1, H2, H3

hAee →−+

hZee →−+ ZHee 1→−+

ZHee 2→−+

21HHee →−+
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ta
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β

1Hm GeV)(

CP Violating MSSM Searches
Low Mass Region

opens up
ZHee 2→−+

112 HHH →

“Sum Rule”-loss from
ZHee 1→−+

ZHee 2→−+
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CP Violating MSSM Searches

Exclusion Region Sensitive to Top Mass

2/GeV 3.179 cmt =
2/GeV 3.169 cmt =

1Hm GeV)(
ta

n 
β

1Hm GeV)(

ta
n 

β



Aspen Winter Conference 2004 16

CP Violating MSSM Searches

Sensitive to
CP phase
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CP Violating MSSM Searches

Sensitive to
µ−parameter

GeV 500 TeV 1

TeV 2 TeV 4

1Hm GeV)(GeV)(
1Hm

ta
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General Two-Doublet Searches
Fermion ⇔ One Doublet

To Avoid Flavor-Changing Neutral Currents

: II ModelsType One Up-Type Doublet
One Down-Type Doublet

: I ModelsType One Doublet for all Fermions

hAee →−+

hZee →−+ ( ) SM
hZhZ σαβσ  sin     : 2 −=

( ) SM
hZ ννσλαβσ  cos     : 2 −=

−+−+ → HHee
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Singly-Charged Higgs Searches

ντ sc
II Type

−+−+ → HHee

scH →+

ντ→−H

Fermion Couplings

AWAW **   
I Type

bbA →

AWH *→−
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Fermiophobic Searches
hZee →−+

γγ→h
Boson Couplings

**  and ZZWWh →

γγm GeV)(
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Fermiophobic Searches

hZee →−+

hAee →−+

Higgsstrahlung and
Pair Production 

γγ→h
bbA →

Decay Modes:

( ) sin2 αβ −∝

( ) cos2 αβ −∝

hm GeV)(
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β−
α
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Left-Right Higgs Sector

SU(3)C×SU(2)L×SU(2)R×U(1)B-L
Gauge group:
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See-saw Mechanism
Strong Restriction on Left-Handed 

Triplets in Standard Model:
GeV 9<Lv

0008.09998.0cos 222 ±== ZWW mm θρ(tree-level)

RLyW ΨΦΨ= Φ
ˆˆˆ Normal doublet Left ⇔ Right

RRRLLL RL
yy Ψ∆Ψ+Ψ∆Ψ+ ∆∆

ˆˆˆˆˆˆ

Triplet Left ⇔ Left and Right ⇔ Right (only leptons)

No Restriction on νR

If ∆R acquires νR , then Rmm
R

≈ν

22 /eV 06.0 cmmm RDL
≈≈ν

Mass Scale of
SU(2)R×U(1)B-L

Breaking
and (see-saw)
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Doubly-Charged Higgs Searches
−−++−−++−+ ∆∆∆∆→ LLRRee or  

±±±± →∆ µeR
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Doubly-Charged Higgs Searches

−e
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Doubly-Charged Higgs Searches

+e −e

−e +e
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Doubly-Charged Higgs Searches

Limits ,
++∆ LR

Pair Production

Single Production

Bhabha Scattering

++∆
m GeV)(
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Radion-Higgs Sector Mixing
Local fluctuation of

Inter-brane distance: )(00 xrrr ∆+→

ξparameter  mixing with states mixed are ~,~ hr

Radion can decay directly to gluons from trace anomaly 
coupling to the energy-momentum tensor

factor nsuppressio coupling 6 −Λ= Wvγ

Strong Gravity

Planck Brane

Weak Gravity

TeV Brane(ΛW)

5th-D
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rmhm <

Radion Searches

For several values of ξ, 
Higgs boson production is 

suppressed.

ξ

σ/
σ(

H
SM

) rmhm <

Role reversal in }{ bbrB →
}{ ggrB →and 

ξ
B

r
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Radion Searches

hm GeV)(

k95
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*Z

+e

Z

−e
−µ
+µ

recm GeV)(

Decay Mode Independent

*Z

+e

Z
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Radion Searches

Higgs Boson Exclusion
WΛ GeV)(

ξ

2/GeV 58 cmh >
GeV 246for W >Λ

Radion Exclusion
WΛ GeV)(

ξ

TeV 0.8W <Λ
toSensitive 
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Radion Searches

WΛ GeV)(

m
h(

G
eV

)
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Searches for SUSY Particles

Guarantees and ExceptionsGauge couplings carry over
to super-partners:

Spin ±1/2 components from
Super-Higgs Mechanism

( )000 ,,, du HHWB

( )±± HW ,
Gauginos (fermions)

Charginos

Neutralinos

( )±±→ 21 , χχ

( ) ,,, 0
4

0
3

0
2

0
1 χχχχ→
Majorana fermions+mixing

Supergravity is a broken gauge symmetry
)2 (SpinG )23 (~ SpinG→

)(QCDg g~→
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B-L Symmetry and R-Parity

DDUW uB
ˆˆˆ

1 λ′==∆

LQDLLEW deL
ˆˆˆˆˆˆ

1 λλ ′+′==∆

Baryon and Lepton Violation
from superpotential:

uHL ˆˆµ′+

•Guarantees lightest sparticle(LSP) is stable 
•Requires sparticles to be produced in pairs

and decay in odd numbers
• Prevents proton decay (possible with B-L only)

( ) sLB
PR 2)(31 +−−=

R-Parity Conservation
∏ ( ) )(31 LB−−

1−= 1→ 1−→

Û
Û
D̂ bs ~or  ~

Û
Q

L

Û
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R-Parity Violating Searches

Natural for Lepton Colliders
Resonant sneutrino production also possible.

−e

+−−+ → eee τντ
~

+e +e

−τ
τν~Z,γ

+e +e
Z,γ

−e
−τ

133λ

133λ
τν~

ELL
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Gravity-Mediated SUSY Breaking
Soft Breaking Scale

from Gravity:
Pl

soft M
F

m ∝

Hidden Sector

Origin of

SUSY Breaking MSSM

flavor-blind Visible Sector

interactions

m
11

0
1

0
3,2 or  χχχχ ±−+ →eeCascade Decays

(LSP) Particle tricSupersymmeLightest  as ~or   0
1 νχ

*0
1

0
2 Z+→ χχ ±± → lνχ ~

1

*0
11 W+→± χχ
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mSUGRA Mass Evolution

Unified sfermion
masses

Unified gaugino
masses

MGUT Higgs mass 
mixing strength

W. de Boer, hep-ph/0307049

u

d

B

W
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mSUGRA Mass Evolution

MGUT

u

d

W. de Boer, hep-ph/0307049

2
1

1

g
M

SU(3)C×SU(2)L×U(1)Y

GUT implies 
heavy gluino

B

W

2
2

2

g
M

2
3

3

g
M

= =

Mass mixing terms:
( )βµ tan−∝ tt Am
( )βµττ tan,, −∝ bb Am

2
21

GUTg
m
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Gravity-Mediated SUSY Breaking

forbiddenllyTheoretica   )1
Searches LEP1 )2

m
11 )3 χχ ±

LRee ~~ )5

21
~~or  ~~ )6 ττττ LR

searches boson Higgs )7

0
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0
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Anomaly-Mediated SUSY Breaking
Nearly Degenerate Chargino and Neutralino

µ<< 12 MM
2

1
0
1

MMM ≈≈ ±χχ

00
1

~W≈χ
±± ≈ W~

1χ

LSP like-Wino

2/GeV 88
1

cM >±χ
2

23 /TeV 23 cm >
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Invisible Higgs Search

h

*Z

+e

Z−e
Higgsstrahlung

0
1

0
1 χχ
νν ~~

m
11or  ~~ χχ ±ll
0for ≈∆M

2/GeV 1.112 cmh >
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Gauge-Mediated SUSY Breaking
Gravitino is LSP: softmm <<23

Super-Higgs mechanism gives

2
1

±gauge-strength couplings to terms 

G~~
ll → G~ 0

1 γχ →

Next to Lightest Supersymmetric Particle (NLSP):

and/or

( )
π4
MgNM i

i Λ≈
SUSY Particle Mass Scale Λ

( ) ( )∑ 





Λ≈

2
22

0 4
2

π
MgkNMm i

i
Messenger Scale M
# of Messengers N
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Gauge-Mediated SUSY Breaking

G~~
ll →

G~ 0
1 γχ →

−+ ll
~~ )3

ll 0
1

~ χ→ *0
11 Wχχ →±

m
11 )4 χχ ±

−+ ll
~~ )1

0
1

0
1 )2 χχ

ll
~0

1 →χ
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Photons and Missing Energy

γχ GGGee ~~~ 0
1 →→−+

γγχχ GGee ~~0
1

0
1 →→−+

Nν = 2.98 (6)
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MSSM Electroweak Fits

t~

−χ −χ

b s

γ

ν~

−χ −χ
µ µ

γ

W. de Boer, C. Sander, hep-ph/0307049
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MSSM Electroweak Fits

ν~

−χ −χ
µ µ

γ

5%
17%
15%

W. de Boer, C. Sander, hep-ph/0307049
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MSSM Electroweak Fits
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Higgs Sector: Meeting Point

SUSY

ν ’sExtra-Dim

CP




